ABSTRACT A model is presented suggesting the interaction of CO~ and bicarbonate on lipids of the cell membrane, The inteffacial tensions between water and oil (ber~zene) phases were measured using the stalagmometer and the sessile drop methods. Effects of electrolyte solutions and of CO~ on molecular arrangement ~at the interface were calculated. Chloride solutions against oleie acid in benzene 'produced little decrease in inteffacial tension from that measured for pure water against the oil phase. Presence or absence of CO2 caused no change in interfacial tension of water or chloride solutions against the oil phase. Bicarbonate salts in the absence of CO2 caused marked decreases in inteffacial tension from that measured for water or chloride solutions. Concomitant with this decrease in inteffacial tension were an increase in hydration of the interface and changes in molecular spacings O f the lipid. This hydration may be considered as reflecting a more ionic-permeable cell membrane. The addition of CO~ to the bicarbonates caused an increase in interfaeial tension of the model, approaching that of the chlorides, with decreased hydration of the interface. Viewed as occurring at the cell membrane this would make the lipid more continuous and decrease the ease of ionic penetration. In this way the action of bicarbonates and CO2 at the interface suggests an explanation of the action of CO~ on the cell.
At the cellular level, Jacobs (1922) observed changes in viscosity of protoplasm when he exposed several protozoans and Arbacia eggs to increased CO2 tensions. Initial decreases in viscosity were reversible immediately after exposure; but with time, viscosity increased, and this alteration became irreversible. The inhibitory effect of CO 2 tension on locomotion of paramecia was reported by Nagai (1907) . An increase in rheobase of single frog nerve fibers due to increased COs tension greater than that produced by HCI has been reported by Coraboeuf and Niedergerke (1953) . Meves and V61kner (1958) studied the action of CO 2 on electrical characteristics of single muscle fibers of the frog, and found an increase in resistance of the cell membrane due to increased percentage of COs. According to Osterhout (1922) such an increase in membrane resistance may be equated to a decrease in ion permeability.
Studies have also been reported concerning effects of decreased COs tensions below those normal for cells. Production of hypocapnic muscle spasms by hyperventilation is an example of this state. J a h n (1936) reported an inhibition of cellular growth rate for Chilomonas paramecium in the absence of CO 2 despite buffering of the media. This was not found to be the ease, however, with Glaucoma pyriformis. Creese (1949) found bicarbonate ions necessary for the maintenance of normal twitch tension in an in vitro muscle preparation.
Other anions (C1, SO4, PO4) were not able to substitute for bicarbonate in this respect. Carey and Conway (1954) mentioned that the bicarbonate-CO system is involved with preserving normal permeability. Becker (1936) investigated the suggestion that CO,, due to ease of penetration into cells, causes increase in acidity of protoplasm, whereas acids which penetrate less easily do not produce effects of the same magnitude. He suggested a specific effect of the CO 2 molecule. The implication in many papers already referred to, is that CO ~ acts on the cytoplasm. In this paper we consider the effect of COs on the cell membrane.
Many investigations have demonstrated the presence of lipids in the cell membrane. With cells in aqueous media, oil-water interfaces result. These interfaces have been used to explain narcotic action (Clowes, 1916; Hirschfelder, 1929; Seelich, 1940; and Sears and Fenn, 1957) .
It is a physical chemical fact that interracial tension decreases as two substances become miscible in each other; when completely miscible the interfacial tension is zero (e.g. Rideal, 1926) . Cole (1932) , Harvey and Danielli (1938) , and others have calculated the interracial tension between cells and environment and have found these tensions to be very low--less than 1 dyne per era. This would suggest near miscibility between ceils and environment. Such close contact may facilitate metabolic changes, but the magnitude of the interfacial tensions indicates some structural element necessary to maintain the membrane. Mitchison and Swann (1954) have measured the "stiffness" of membranes in terms of dynes per square centimeter required to produce a micron deformation. Since the force required increased with the deformation, they concluded the membrane was not held together by surface tension forces. Experiments with chemical agents and trypsin suggest that proteins give structural stability to ceils. However, lipids are involved in the functional characteristics of the cell m e m b r a n e as indicated by: (a) the ease of m e m b r a n e penetration of lipid-soluble substances (Lillie, 1932, p. 111) ; (b) the effect of lipase on cell permeability (Ballentine and Parpart, 1940; Tobias, 1960) ; and (c) the ability of oil drops to wet the cell membrane (Chambers and Kopac, 1937) . Following the description given by Schmitt, Bear, and Ponder (1936) from birefringence studies, we picture the membrane as tangentially oriented protein fibers with radially oriented lipid molecules.
This paper presents a model for the action of increased and decreased tensions of CO ~ on biological systems. The cell membrane is assumed to be the major site of action, and the physical characteristics of oil-water interfaces are specifically involved. We have used interfacial tension measurements between water and benzene, containing known concentrations of oleic acid, to indicate whether reaction occurs between oleic acid and cations of several electrolytes in the water phase. The action of CO 2 on surface-active material was reflected by a change in interfacial tension. With a modified Gibbs' adsorption equation, we were able to determine molecular arrangements at the interface and describe the changes affected by ions and COs. Interfacial tensions reported in this paper are for this purpose only and are not intended to suggest the values for the cell interfacial tensions. Fig. 1 is a diagrammatic representation of the stalagmometer. The dropping chamber was clamped into place and the tip lowered into the benzene. Liquid in the chamber was below the level of water in the bath which was kept at 37°C. The mouth of the chamber was tightly packed with cotton to retard evaporation of benzene. A drop was slowly formed with the microburette until it fell. This microburette reading was taken as zero. Subsequent drops were formed and allowed to hang for several minutes; the volume was then slowly increased until the drop fell. Volumes of drops could be read to at least 0.0005 ml. with the microburette.
M E T H O D S
Electrolyte solutions were prepared by weight and no further corrections were attempted. Densities of these solutions at 37°C. were calculated from the International Critical Tables.
The interfacial tension for each electrolyte concentration was measured against the benzene-oleic acid phase at least eight times. Volumes of the eight drops in each of these series for one electrolyte at one concentration were averaged, and the interfacial tension calculated. The correction factors of Harkins and Brown (1919) were 
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Experimental arrangement for drop volume determination of interracial Interracial tensions were determined initially with the stalagmometer for olive oil-water interfaces. However, the unknown composition of the oil and uncertain equilibration times necessary to yield reproducible results led to the use of benzene with added oleic acid as the oil phase.
When COs was present, the benzene phase was equilibrated by shaking with 100 per cent COs for 10 minutes for each of four complete changes in the gas phase. Reproducibility of values from day to day indicated this equilibration was adequate.
The sessile bubble technique was used to investigate the reversibility of COs action. Here we used the olive oil-water interface again. Fig. 2 shows, diagrammatically, the sessile bubble chamber. The oil was poured into the chamber and allowed to equilibrate with the water bath at 37°C. Glass pipettes were inserted through the chimneys in the cover, and drops of electrolyte solutions were placed on a gold-plated brass bar in the olive oil. The bar had been leveled by sight using a spirit level. With a light behind the water bath and a mag-nifying lens system in front, images of the drops could be sharply focused on a wall across the room. The chimneys served to determined magnification. Measurement of a drop could be obtained by tracing its image on accurately ruled graph paper. The maximum diameter (2r) and maximum height of the drop above this diameter (h) were determined. The following equation derived from Porter (1933) was used to calculate the interfacial tension: g and d refer to gravity and difference in densities of the water and oil phases respectively.
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Experimental arrangement for sessile drop determination of interfacia Gibbs' adsorption equation was modified by Guggenheim and Adam (1933) and by Hutchinson and Randall (1952) to relate depression, 0, of the freezing point of the solvent in the bulk phase with change in interfacial tension to the surface excess concentration. The depressions of freezing points were determined by the standard procedure using a Beckmann thermometer. The actual number of moles of solute per cm. ~ area in the interfacial film is represented by F~ =), and r f = A0 + N.
No Ao q-" N, A, in which A0 and A, are the areas of the solvent and solute molecules respectively, and No and N, are the mole fractions in the bulk phase of the solvent and solute respectively, and
No LT 00
To is the freezing point of the pure solvent, L is the latent heat of fusion of the solvent, and T is the temperature in °K of the experiment. With I'~ ~) determined, the number of solute molecules per cm.~ at the interface can be found from r~ ") X 6.02 X I0 2s.
The area per molecule can be obtained by dividing the number of molecules per cm.* into 10 TM/~2 per cm. 2
Depression of freezing point (0)
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Mole fraction oleic acid in benzene
Interracial tensions b e t w e e n w a t e r a n d b e n z e n e c o n t a i n i n g various mole fractions of oleic acid. Depressions of freezing points were determined; values obtained by extrapolation are enclosed in parentheses.
R E S U L T S
Changes in interfacial tension with concentration of oleic acid in benzene at the benzene-water interface were first determined to aid in selecting a system for use with electrolytes and C O , (Fig. 3) . At 37°C. the tensions varied with the concentration of oleic acid from 35.4 dynes per cm. for pure benzene against water to 15.0 dynes per cm. for pure oleic acid against water. Equilibration of the benzene phase with 100 per cent C O , had no measurable effect on these interfacial tensions. Table I shows the surface excess calculated for oleic acid at the interface. The surface excess increased as the bulk concentration of oleic acid increased. Consequently, the surface oleic acid molecules packed more closely, and the area per molecule at the interface decreased. The area of closest approach for fatty acid molecules is usually considered to be about 20/~* per molecule. Since this minimum area is approached independent of the length of the chain, it is assumed that these molecules are vertical or nearly so with respect to the interface (Adam, 1941, p. 25) . 20.23 * I n the c a l c u l a t i o n of I~(, "l the following values were used for the f o r m u l a given in t h e M e t h o d s : T = 310°K To = 278.2°K L = 9.91 X 10 t° e r g s / g m , mole of benzene.
T A B L E I S U R F A C E E X C E S S O F O L E I C A C I D A T T H E B E N Z E N E -W A T E R I N T E R F A C E
0_3' was d e t e r m i n e d by plotting T~ versus the In 0 w h i c h gave a s t r a i g h t line w i t h s l o p e 8-Differ-00 e n t i a t i o n gave ~-~ = H u t c h i n s o n a n d R a n d a l l (1952, p. 160).
Two mole fractions of oleic acid in benzene (0.0028 and 0.0146) were chosen to use with the electrolyte solutions. The concentrations of oleic acid were confirmed by titration with sodium ethylate.
For both concentrations of oleic acid in benzene, there was a decrease in interfacial tension due to addition of chloride salts of sodium, potassium, and calcium to the water phase (Figs. 4 and 5 ). This decrease was slight and did not vary with increasing concentrations of the chlorides. We interpreted this slight depression of interfacial tension to indicate little reaction between these salts and the oleic acid to form surface-active soap. With sodium or potassium bicarbonate a marked depression of interfacial tension occurred. Although there was a fivefold difference in bulk phase concentrations of oleic acid used, depressions of the interfacial tension for varying concentrations of sodium or potassium bicarbonate were similar in both cases. The surface excesses of oleic acid for the two mole fractions used were nearly equal; the electrolyte concentrations were, therefore, the major factor in determining the amount of soap formed. CO,, added to the benzene phase, produced little or no effect on inter- Electrolyte conc. in mM
Effect of CO2 on interracial tensions between 0.0146 mole fraction of oleic acid in benzene and water containing chloride and bicarbonate salts.
facial tension between chlorides and benzene (Table II) . With the bicarbonates, the effect of CO2 was marked (Figs. 4 and 5) . The greater the depression of interfacial tension due to the bicarbonate concentration, the greater the action of CO 2 to raise this tension to approach chloride interfacial tension values.
Data from Figs. 4 and 5 were used to calculate the excess and area per molecule of sodium or potassium oleate formed at the interface. These calculations were made in a manner similar to those for the oleic acid concentrations at the benzene-water interface. The freezing point and latent heat of fusion of water were used, and 0~,/00 was determined at each concentration: 0~ was the depression of interfacial tension below that for the particular concentration of oleic acid in benzene; 00 was the depression of the freezing point of water due to the presence of sodium or potassium ions.
Areas occupied per molecule were plotted against surface pressure; i.e., magnitude of the depression of the interracial tension due to surface-active material. Fig. 6 shows surface pressure-area curves for sodium bicarbonate at both oleic acid concentrations. Fig. 7 shows the same for the potassium bicarbonate measurements. Since 0~,/00 for the chloride concentrations was nearly zero, the surface excess of sodium or potassium oleate was also nearly zero. 
~2 per molecule
FiolJm~ 7. Force-area curve for potassium oleate. Open circles for 0.0028 mole fraction oleic acid; closed circles for 0.0146 mole fraction oleic acid; crosses for the force-area curve of oleic acid.
According to Alexander and Johnson (1950, p. 498) , esters of fatty acids generally have surface pressure-area relations such that (II --IIo)(A --Ao) = K, the following values were used in the formula given in the Methods : T = 310°K To = 273°K L = 6.01 X 101° ergs/gm, mole of water. "Yi was plotted against 0, and the slope of the curve determined for each concentration required.
or the pressure times the area yields a constant. The value of Ao is the area of closest approach of the molecules. In the case of our calculations II0 was nearly equal to the depression of interfacial tension caused by chloride salts. Such an equation resulted in curves which approximated our data closely (Figs.
T H E
6 and 7). With high concentrations of the bicarbonate salts, we were able to see soap leaving the interface; therefore, the force-area relation for higher concentrations of bicarbonates is doubtlessly in error. However, in each T A B L E I V Table III. c a s e , t h e m i n i m u m a r e a a t t a i n e d b y t h e m o l e c u l e s w a s t h a t o f t h e f i r s t h yd r a t i o n l a y e r o f t h e r e s p e c t i v e i o n .
S U R F A C E EXCESS OF S O D I U M AND P O T A S S I U M O L E A T E AT T H E BENZENE-WATER INTERFACE. S O D I U M AND P O T A S S I U M B I C A R B O N A T E A G A I N S T 0.0146 M O L E F R A C T I O N O L E I C ACID IN BENZENE, W I T H AND W I T H O U T 1 ATM. COs
I n t h e p r e s e n c e o f C O 2 , t h e a r e a p e r m o l e c u l e o f s o d i u m o r p o t a s s i u m oleate was markedly increased, and the surface pressure decreased. These calculated values still lie on the curve obtained in the absence of CO 3. This indicated that the action of CO 2 was only to reduce the surface excess of soap (Tables III and IV) . Early experiments with olive oil also gave similar results for interfacial tensions of the chlorides and bicarbonates (Table V) . Interracial tensions of the chlorides were but slightly below that for pure water against the oil. Again, the bicarbonates produced decreases in interfacial tensions as the concentration increased. Only for 20 mM sodium and potassium bicarbonate did we measure an effect of CO 2. In this case there were increases in the inter° facial tensions of about 6 dynes per cm. for the sodium, and 5 dynes per cm. for the potassium salt. The effect of CO 2 on the interfacial tension between pure water and olive oil was no greater than 1 dyne per cm. We tried to use dilute sodium and potassium hydroxide solutions but were unsuccessful with the stalagmometer tips available. Interracial tensions against the hydroxides were so low that drops fell from the tip without wetting the entire surface. Only in one instance were we able to obtain a value
for the interfacial tension; against olive oil, potassium hydroxide at 2.5 rn~ had an interfacial tension of 4.5 dynes per cm. (Table V) . It is obvious that soap was formed from the reaction of hydroxides with fatty acids in the oil phase.
The above results may be summarized as follows: when associated with chloride, sodium, potassium, and calcium did not react with the oleic acid to any considerable extent. O n the other hand, when associated with bicarbonate, sodium and potassium did react with free fatty acid present at the interface to form surface-active soaps. When soap was present at the inter-T A B L E V I
R E V E R S I B I L I T Y OF THE A C T I O N OF COs ON S O D I U M B I C A R B O N A T E -O L I V E O I L INTERFACES SESSILE D R O P M E T H O D NaHCO8
Interracial * After more than 7 hours' equilibration at 37°C. After more than 10 hours' equilibration. § After more than 17 hours' equilibration.
face, one atmosphere of C O 2 reduced the concentration of soap from that in the absence of CO2. If no soap was formed at the interface, then C O s produced no change in interracial tension. The action of C O 2 was therefore on the surface-active material.
Since, within limits, the action of C O 2 on biological systems is reversible, we wished to determine whether the action of C O 2 at the interface was reversible. Although the sessile bubble technique is well adapted to investigate this problem, the chamber as designed would not hold benzene; consequently, olive oil had to be used. Only one complete experiment was carried out, due to our dissatisfaction with the chamber and our plan to investigate this problem in detail at a later date. However, Table VI clearly shows this reversibility. In the case of water, the fall in interfacial tension after removal of CO2 was probably due more to the long equilibration time than to CO2. At all bicarbonate concentrations, the interfacial tension increased with C O 2 and fell again after its removal.
DISCUSSION
The major questions here are whether chlorides, bicarbonates, or hydroxides will yield their cations to form surface-active soap at the interface, and whether CO s will remove these cations from the soap. When hydrated cations react with lipids of the cell membrane, the membrane has an increased water content. Removal of these cations due to the CO s tension would lead to dehydration of the membrane.
Considerations of pH changes which occur with increased tensions of CO fail to give a complete picture of the events of this investigation. Information about the pK's of carbonic acid a~d the fatty acid, it may be thought, would answer the questions. But the pK of the fatty acid at the interface was not available. Danielli (1937) estimated the K~ of oleic acid in the bulk aqueous phase to be 1.4 X 10 -5. Even with the pK available, we would have to establish the pH at the interface, which, according to Danielli, may differ by two or more pH units from that of the bulk phase. In an attempt to determine the surface pH, Danielli turned to interfacial tension measurements.
Our questions are answered directly from the interfacial tension measurements which we employed. The significance of COs action depends upon molecular orientation and hydration which are shown more directly from interfacial tension determinations than from pH. Therefore, the simpler and more complete picture of molecular events comes from examination of the chemical reaction between sodium bicarbonate and oleic acid (HOl): NaHCO3 + HOI ~ NaO1 + H2CO3 ~ NaO1 + HOH a t-COs When benzene and water come into contact, oleic acid molecules accumulate at the interface in excess of the bulk concentration in benzene. Presence of sodium or potassium bicarbonate in the water phase can, with increasing concentration, cause the number of interface oleate molecules to exceed the number originally present. For example, at a mole fraction of 0.0146 for oleic acid in benzene, the interface with water contained 10.61 X 1013 molecules per cm.2; with 10 mM sodium bicarbonate the number of sodium oleate molecules was 6.92 X 1013; with 20 mM sodium bicarbonate the number was 13.85 X 1013; and with 40 m~i the number increased to 17.50 X 1013 molecules per cm. s When C02 pressure was applied (one atmosphere), the equilibrium position of the reaction was shifted to the left, and sodium oleate was removed from the interface. Excess of oleic acid in the interface returned to the bulk of the benzene, and interfacial tension increased to approach that characteristic of chloride solutions against the corresponding concentration of oleic acid in benzene. The significant fact is that variation in tension of CO 2 affected the molecular arrangement at the interface. Reversal of oil-water emulsions by low tensions of CO2 demonstrates, perhaps, more dramatically, the ability of CO2 tension to affect molecular arrangement (Sears and Fenn, 1957) .
Actual spacings for lipid molecules of the cell membrane are not determined in this study. However, the low values for interfacial tensions which have been reported would suggest that these molecules are closely packed. Figs. 6 and 7 show the oleate molecules packed as closely" as the first hydration layer of water about the ion will allow, about 40 k s for sodium and 50 ,~s for potassium. If sodium were removed, and if oleic acid molecules were constrained to remain in the interface the acid molecules could pack to an area of 20 k s per molecule. This restriction of oleic acid molecules to the interface would occur if the interfaces were bound on both sides by water, in which the acid is insoluble. In this case, the action of CO s would be to remove sodium with its waters of hydration from the interface, then oleic acid molecules could pack more closely. The interface would become more lipid continuous.
The situation of the cell membrane between two water continuous media suggests that such a phenomenon could occur. Several investigations on phosphatides have indicated that electrolytes and narcotics do indeed cause orientation and hydration or dehydration of these molecules (Bungenberg de Jong and Bonner, 1935; Spiegel-Adolph, 1936 Spiegel and SpiegelAdolph, 1944; and Gordon and Welsh, 1948) . There is reason to expect that changes in molecular arrangement produced by CO s at the benzene-water interface occur qualitatively at the cell membrane. Whereas we only consider the removal of cations from lipid molecules, it is possible that cation removal due to CO s occurs at the carboxyl groups of protein. This, also, would lead to dehydration of the membrane.
The system presented here gives a picture of how COs could alter cell membranes. From these considerations we would expect COs to decrease water miscibility of the membrane and increase resistance to flow of electrical current. This has been demonstrated by Meves and V61kner (1958) . COs from 5.6 to 32.7 per cent increased, from 1.2 to 3.6 times, the membrane resistance of single muscle fibers of the frog sartorius.
On the other hand, when CO s tension decreases in the presence of sodium bicarbonate, the equilibrium position of the reaction of sodium bicarbonate with oleic acid shifts to the right with formation of more sodium oleate. This has the effect of hydrating the interface and increasing the area per lipid molecule. Occurring in cells, such a condition would ease the passage of water-soluble particles into the cell; excitability of the cell would be increased until the membrane potential could no longer be maintained. In this way hypocapnic muscle spasms could be explained.
This model shows how either increasing or decreasing COs from its equi-librated tension would lead to molecular redistribution of lipids at the interface. Such changes are consistent with the effects of CO 2 on excitability. The action of CO 2 on biological systems is generally reversible; the model demonstrates this reversibility. From this model, CO~ and bicarbonate may be regarded as altering contact between the cell and its external aqueous environment.
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